Summary
The complete nucleotide sequence of the transposon Tn3 and of 20 mutations which affect its transposition are reported.
The mutations, generated in vitro by random insertion of synthetic restriction sites, proved to contain small duplications or deietions immediately adjacent to the new restriction site. By determining the phenotype and DNA sequence of these mutations we were able to generate an overlapping phenotypic and nucieotide map. This 4957 bp transposon encodes three polypep tides which account for ail but 350 bp of its total coding capacity. These proteins are the transposase, a high molecular weight polypeptide (1015 amino acids) encoded by the tnpA gene; the Tn3-specific repressor, a low molecular weight polypeptide (185 amino acids) encoded by the tnpR gene; and the 288 amino acid p-iactamase.
The 38 bp inverted repeats flanking Tn3 appear to be absolutely required in cis for Tn3 to transpose. Genetic data suggest that Tn3 contains a third site (Gill et al., 1978) , designated IRS (Internal resolution site), whose absence results in the insertion of two complete copies of Tn3 as direct repeats into the recipient DNA. We suggest that these direct repeats of complete copies of Tn3 are intermediates in transposition, and that the IRS site is required for recombination and subsequent segregation of the direct repeats to leave a single copy of Tn3 (Gill et al., 1978) . A 23 nucleotide sequence within the amino terminus of the transposase which shares strong sequence homology with the inverted repeat may be the internal resolution site.
introduction Genetic studies of the transposon Tn3 using deletions suggested the existence of two or more trans-acting transposition functions encoded by the transposon (Heffron et al., 1977; Gill et al., 1978) . More recent studies in which Eco RI octamers were inserted as mutagens in vitro have provided a more extensive functional map of Tn3 (Heffron, So and McCarthy, 1978) . Following cleavage with a nonspecific doublestranded endonuclease, a single synthetic Eco RI GAATTCC is introduced into the DNA and the linear DNA is recircularized. This procedure has the obvious advantage that the location of mutations can be determined simply by cleavage with the Eco RI restriction enzyme. In vitro generated mutations of this type within a contiguous 3 kb region of Tn3 resulted in a transposition-negative phenotype, which could be complemented to transpose when a second Tn3 was placed in the same cell (Heffron et al., 1978) . Gill, Heffron and Falkow (1979) have identified a high molecular weight polypeptide encoded at this region. Mutations affecting a second quite different function result in an increase in transposition frequency (Gill et al., 1978; Heffron et al., 1978) . These mutations are recessive to wild-type (Gill et al., 1978) and affect a 20,000 dalton polypeptide encoded in this region (Dougan et al., 1979) .
The ends of Tn3 are 38 bp inverted repeats (Ohtsubo, Ohmori and Ohtsubo, 1979) . A second class of mutations is generated by deletions removing one 38 bp inverted repeat of Tn3. These are not recessive to wild-type but are cis-dominant transposition-negative (Heffron et al., 1977) . Deletion data also suggest the existence of a second DNA site entirely contained within Tn3 and critical for transposition (Gill et al., 1978) . Deletions which extend into this site invariably show insertion of two complete copies of the transposon as direct repeats when complemented by a second copy of Tn3 (Heffron et al., 1977; Gill et al., 1978) . The structure of these repeats is identical to that of those generated by the transposition of nonmu DNA by mu (Toussaint and Faelen, 1973) ; similar structures have also been observed for transposition of Tn9, Tn7681, and Tn5 (MacHattie and Shapiro, 1978; Shapiro and MacHattie, 1979; Both and Shapiro, 1979; So, Heffron and McCarthy, 1979; J. Miller, personal communication) .
It has been proposed that these direct repeats of two full copies of Tn3 are transposition intermediates (Gill et al., 1978; Shapiro, 1979) . To help identify functions implicated by the above genetic data, we have determined the sequence of the 4957 nucleotides in the Tn3 transposon, including the precise location and nucleotide sequence of many of the mutations which affect its transposition.
Results

Overall Sequence
Organization of the Transposon Tn3 The plasmid RSF1050 used in this study was originally made to demonstrate that there is a trans-acting function required for transposition which is encoded within the transposon itself (Heffron et al., 1977) . This plasmid was constructed by transposition of Tn3 from Rl drd, a derivative of Rl (Meynell and Datta, 19871, to pMB8 (Bolivar et al., 1977) .
The isolation of a large number of Eco RI insertion mutations within Tn3 (Heffron et al., 1978) and the determination of their phenotypes provided the basis for assembling an overlapping phenotypic and nucleotide map of the transposon.
The new restriction sites were also extremely useful in the sequencing of many regions which were otherwise devoid of convenient restriction sites. Since DNA sequence changes may be introduced by the mutagenesis procedure, however, it was necessary to determine the same sequences from two adjacent Eco RI insertion mutations. In this way the wild-type sequence could be deduced from the overlapping sequences from at least two mutants. By these means we have determined that changes in base sequence are introduced immediately adjacent to the inserted Eco RI octamer by the mutagenesis procedure; these alterations can be either duplications or deletions, as will be discussed below.
Previous sequence studies of Tn3 have demonstrated a 5 bp direct repeat at either end of the transposon of a sequence originally found once in the recipient DNA (Ohtsubo et al., 1979) . Similarly, in this pMB8 derivative, sequencing revealed that transposition has generated a 5 bp direct repeat of the sequence qii$F at both ends of the 38 bp repeat. ( > Insertion of Tn3 in the sequenced derivative had occurred in a Hae III/Hinf I fragment corresponding to nucleotides in the Sutcliffe sequence of pBR322 (Sutcliffe, 1979) . The sequence duplicated corresponds to nucleotides [1972] [1973] [1974] [1975] [1976] in that sequence; its origin and its possible relationship to se-,quences within the transposon have been discussed elsewhere (Grindley, 1978; Johnsrud, Calos and Miller, 1978; Ohtsubo et al., 1979) . Figure 1 summarizes the overall sequence organization of the transposon and shows the position and phenotype of the mutations used in this study. The location and direction of transcription of genes encoding proteins which have been deduced from the DNA sequence are also shown. vhe sequence of the /3-lactamase was determined by Sutcliffe (1978 11,31, 72,34, 96, 23, 117, 88.40, 76, 7, 120 and 33 , all of which result in a transposition-negative phenotype, are listed in Table 1 . The wild-type sequence for the portion of Tn3 containing these mutations is given in Figure 2 . All of these mutants can be complemented to transpose by a second Tn3 (Heffron et al., 1978) . According to the sequence determined, a single coding sequence begins to the right of mutation 11 and extends over 3000 bp into the left-hand inverted repeat. This region encodes an uninterrupted series of 1021 amino acids without stop codons. We refer to this high molecular weight polypeptide encoded by the tnpA gene as the "transposase" since this protein is absolutely required for transposition. for each mutation is listed adjacent to the number which corresponds to the mutation; for example, mutation 33 is transposition-negative, while mutations 5, 95, 18, 44 and 65 show a higher transposition frequency than ,ne wild-type, Marked at the bottom of the figure are the locations of the three genes and three sites deduced from this DNA sequence and previous genetic studies. The location of the genes tnpA and tnpR and the direction of their transcription corresponds closely to the location of the genes predicted from a complementary study by Gill et al. (1979) in which the corresponding prematurely terminated polypeptides using the sequence frameshift mutations shown in this figure have been identified. The b/a gene which encodes B-lactamase has been described (Sutcliffe.
1978). IR-L and IR-R correspond
to the left and right 38 bp inverted repeats which are located at either end of the transposon. IRS corresponds to the approximate location of the internal resolution site as deduced from previous genetic studies. [ 114,000 daltons corresponds to the molecular weight of a protein synthesized by Tn3 in minicells (Gill et al., 1979) .
The DNA sequences of several mutations within the apparent amino terminus of the transposase and the intercistronic region separating tnpA and tnpR are presented in Figure 3 . The transposase probably begins translation in the region specified in Figure 3 , an assumption based on the molecular weight of prematurely terminated polypeptides from the sequenced Eco RI frameshift mutations (Gill et al., 1979) . A good candidate for the site of translational initiation is the ATG codon at position 3048, since it is preceded by the sequence GGAGG which matches the canonical Shine-Dalgarno sequence (1974). This conclusion is contradicted by the observation that mutation 25, which deletes both the ATG and the preceding ShineDalgarno sequence, is transposition-positive.
We have provisionally designated the valine shown as the translational initiation site, since it is consistent with most of the genetic data and a GTG codon has been observed as the translational start of the lacl gene (Steege, 1977; Calos, 1978) . This assignment is consistent with the fact that mutations 104 and 25 do not shift the reading frame and are both transpositionpositive, while mutation 11 shifts the reading frame and does not transpose unless complemented. We cannot explain the transposition-positive phenotype for frameshift mutation 1, however. It is clear that the true start of translation cannot be distinguished without sequence information for the amino terminus of the transposase.
A sequence of 16 As and Ts precedes the amino terminus of the transposase and includes several possible -10 homology regions, such as the sequence TATAATA which has been reported for T5 promoters (H. Weiher and H. Schaller, unpublished observations). Assuming that transcriptional initiation takes place following this sequence, a possible -35 sequence is indicated in Figure 3 . Included in this sequence are the translation of the three polypeptides, the location of the inverted repeats and the location of several restriction sites. A complete list of restriction sites may be obtained upon request. Falkow, 1975b; Rubens, Heffron and Falkow, 1976) it was concluded that these two genes lie in a single transcriptional unit with the gene for streptomycin resistance being distal to the promoter. Insertions of Tn3 within the sulfonamide resistance gene in one orientation were polar upon streptomycin resistance, reducing the level of streptomycin resistance at least 10 fold (Table 2 ). Restriction mapping of those insertions compared with the above sequence information reveals that in this orientation the transposase is transcribed in the same direction as the streptomycin resistance gene. A revertant which relieved the polarity on streptomycin resistance was selected and found to contain a deletion of a portion of the coding sequence for the 185 amino acid tnpR polypeptide (Heffron et al., 1977) . We have recently found that supplying the product of the tnpt? gene in trans decreases the level of streptomycin resistance (Table 2) . It thus appears probable that a transcriptional fusion was created by inserting Tn3 into the sulfonamide resistance gene so that the streptomycin resistance gene (streptomycin phosphotransferase) is transcribed from the transposase promoter. It is also probable that the initial deletion which restored streptomycin resistance was due to a release of repression by tnpR; supplying the repressor in trans decreases the level of streptomycin resistance by decreasing the level of transcription from the transposase promoter. Gill et al. (1979) have arrived at the same conclusion on the basis of the amount of transposase protein produced in the wild-type transposon, as compared with that produced by tnpR-mutations. We conclude that the protein encoded by tnpfl acts as a repressor to regulate expression of the transposase.
DNA Sequence
of the lntercistronic Region between tnpR and tnpA The region between the amino terminus of the two polypeptides tnpR and tnpA, like other regulatory regions, is AT-rich (70% A + T) (Rosenberg and Court, 1980) . From genetic and biochemical data it has been established that the protein encoded at tnpR (the repressor) represses both its own expression and that of the transposase (Gill et al., 19791 , and that it probably acts by reducing transcription in both cases. This model would suggest the existence of two operators, or possibly one shared operator in the intercistronic region. In the absence of genetic and binding studies, however, it is impossible to predict the actual location of operator sequences.
We have identified many sequences with 2 fold rotational symmetry by a computer search for repeated sequences, allowing for a predetermined number of deletions, insertions and mismatches.
Examples of sequences having dyad symmetry are nucleotides 311 O-31 18 (also repeated at [3169] [3170] [3171] [3172] [3173] [3174] [3175] [3176] [3177] and the inverse complement at 3180-31 88; nucleotides 3144-31 54 and the inverse complement at 3191-3200; and nucleotides 3140-3149 and the inverse complement at 3166-3175. Heffron et al. (1977) reported that the left-hand inverted repeat is required in cis for transposition. We have confirmed these results by carrying out more detailed mapping of the cis-dominant deletions reported earlier. By restriction mapping we have found that deletions 91 and 257 remove the entire left-hand inverted repeat and extend approximately 250 and 550 bp into the transposon, respectively (data not shown). In addition, one Eco RI insertion mutation which mapped within the right-hand inverted repeat also leads to a cis-dominant transposition-negative phenotype (Gill et al., 1979) . The DNA sequence shown in Figure 4 establishes that this mutation did not remove the external terminus of the inverted repeat.
Essential Sites
As previously discussed, genetic data imply the existence of a site, contained entirely within the transposon, in the absence of which two complete copies of the transposon are invariably inserted into recipient DNA. Since direct repeats formed during complementation of deletions which lack that site are stable even in the presence of a wild-type Tn3 (Gill et al., 1978) , it appears that this site is a DNA sequence which is recognized by whatever enzyme(s) acts to recombine out the extra Tn3 copy. We refer to this site, therefore, as the internal resolution site (IRS). Those mutations which result in co-integrates all remove a portion of a Hae II fragment (nucleotides 2726-3272). As shown in Figures 3 and 5 , within this fragment is a sequence containing 19 out of 23 nucleotides identical to a sequence within the inverted repeats. This 19 nucleotide match requires two 1 bp frameshifts, as shown in Figure 5 .
Discussion
Four transposons have been identified from different resistance plasmids which encode the TEM p-lactamase, Tn 7, Tn2, Tn3 (at one time referred to collectively as TnA; Hedges and Jacob, 1974; Kopecko and Cohen, 1975; Heffron et al., 1975a) and Tnl701 (Yamada et al., 1979 The location of this sequence within an area of Tn3 which must contain the internal resolution site based on deletion mapping suggests that this sequence could be the internal resolution site.
have arisen from a common ancestor with third position substitutions, neutral amino acid changes and other alterations outside the actual coding sequence. The sequence for these other transposons should therefore be very similar to the sequence for Tn3 reported here.
Analysis of the Eco RI Insertion Mutations DNA sequence analysis of has been carried out on Tn3 and 20 Eco RI insertion mutations contained within three genes and three sites essential for its transposition.
The locations, phenotypes and alterations introduced by the insertions are shown in Table  1 . The Eco RI insertion mutations always contain either deletions or duplications immediately adjacent to the Eco RI octamer. Several of the mutants used in this study contained deletions of up to 50 bp. While these deletions were valuable for the determination of both phenotypes and the direction of transcription (Gill et al., 19791 , the changes are usually more complicated than the expected insertion of a single Eco RI octamer. It now appears that these substantial deletions were introduced by the E coli DNA polymerase I used to make flush ends in the initial study. More recently, mutants have been constructed in the same way but using T4 polymerase to make flush ends; these contain few deletions of over 20 bp (G. Swift and F. Heffron, unpublished observations). Mutations 6518, 1, 31, 103, 117, 88, 76 and 7 contain insertion of additional DNA beyond that of the Eco RI octamer. In all cases this additional DNA results from a duplication which flanks the inserted Eco RI octamer. Figure 6 shows the DNA sequences for mutation 18 and the wild-type sequence side by side in an autoradiogram of a DNA sequencing gel. This mutation contains a direct repeat of 10 bp in addition to the Eco RI octamer. The mutant has acquired a total of 18 additional bp. The most probable explanation for these duplications is that DNAase I made staggered breaks in the DNA, leaving a 5' extension at both ends of the molecule. The DNA polymerase used in a subsequent step to make flush ends was able to fill in these staggered breaks to create a duplication. This mutation contains a direct repeat of 10 bp which flanks the inserted EGO RI octamer. As described in the text, all other mutations which contain any additional DNA contain a similar direct repeat.
Functions
Encoded by the Transposon All those mutations within the coding sequence for a high molecular weight protein result in a transpositionnegative but recessive phenotype consistent with the requirement of this polypeptide for transposition. We have called this protein the transposase. Gill et al. (1979) have identified a polypeptide which has the same molecular weight as that predicted from this sequence. Furthermore, using the sequenced frameshift mutations described in this paper, they have elucidated the direction of transcription and approximate initiation and termination sites of this protein. The molecular weights of prematurely terminated polypeptides they observed are in good agreement with those predicted from the sequence changes of the mutants listed in Table 1 . Genetic data are also consistent with the encoding of a single polypeptide in this region. These invesitgators failed to observe complementation between several different transposition-negative mutations located within this region, a result consistent with there being only a single complementation group. A single high molecular weight polypeptide encoded within Tn3 is necessary for transposition.
This can be compared with another transposition system in which the genes for transposition have been identified. In the bacteriophage mu, transposition depends upon the products of the two genes A and B (Toussaint and Faelen, 1973; Faelen, Toussaint and de Lefontayne, 1975) . In mutants of mu defective in gene B function (essential for mu replication), transposition takes place at a 10 fold lower frequency. In mutants missing gene A function, transposition is completely abolished. These two genes specify polypeptides whose combined molecular weight is smaller than that of the transposase encoded in Tn3. Perhaps the Tn3 transposase combines both of these activities into a single polypeptide.
A mutation (33) within the carboxy terminal 20 amino acids of the transposase renders the transposase completely inactive within the limits of sensitivity of the assay. On the other hand, mutations 25, 104 and 1, all of which appear to be in the amino terminus of the transposase, have no more than a 5 fold effect on transposition frequency. Whether this means that the carboxy terminus is involved with DNA binding [in contrast to the arrangement in the lac repressor, in which the amino terminus binds to DNA (Adler et al., 197211 can only be determined by more extensive genetic and biochemical studies. The arrangement of the transposase gene whereby the essential carboxy terminus of the protein is encoded within the inverted repeat, however, is quite reminiscent of the lambda int protein and the juxtaposition of its gene to its site of action, aft.
By using computer programs we have determined that the transposase is unrelated (that is, shows no sequences of 25 amino acids with >25% homology) to the lambda int gene (R. Hoess, K. Bidwell, C. Foeher and A. Landy, unpublished observations); nor is the TnSspecific repressor related to lac repressor (Farabaugh, 19781, cro (Roberts et al., 19771, Cl (Ptashne, 1978) or the transposase.
The transposase does not appear to contain repeated domains. According to a secondary structure program, however, it does contain an extremely long extended region (amino acids 239-386).
This result may suggest that the protein contains two separate domains, a possibility that will be accessible to study once the protein has been purified and its activities determined.
Mutations within a contiguous 500 bp sequence adjacent to the amino terminus of the transposase all result in elevation of the frequency of transposition. Five mutations with this phenotype were sequenced and found to lie within the coding sequence for a single polypeptide.
Four of these mutations, 5, 95, 44 and 65, shift the reading frame. We can predict that these mutations would generate prematurely terminated polypeptides of 2500, 9000 and 13,000, respectively, while in mutation 65 the frameshift would bypass the normal translational termination signal and lead to a polypeptide which has been extended from 185 amino acids to 197 (22,000).
Polypeptides of corresponding molecular weight have been identified in minicells from plasmids containing each of these mutants. Similarly, mutation 18, which adds six amino acids to the center of the polypeptide, would be expected to result in a protein slightly larger than the wild-type, and indeed such a protein is observed (Gill et al., 1979) . The direction of transcription, molecular weight, initiation sites and termination site deduced from the properties of these prematurely terminated polypeptides are fully consistent with the DNA sequence presented here.
Sites Essential for Transposition Tn3 contains three sites necessary for a complete transposition event. Both the right and left inverted repeats are absolutely required in cis for transposition, as demonstrated by the phenotype for a mutation illustrated in Figure 4 . The inverted repeats may function as a recognition site for an enzyme required for transposition; presumably this would be the transposase itself.
The absence of a third site, which we have called IRS, results in a more subtle phenotype. Deletions which remove this site invariably (under ret-conditions) result in the formation of co-integrates ( Figure  7 ). Once formed, these direct repeats of Tn3 appear to be stable. These have the same structure as observed for the transposition of non-mu DNA by mu: two direct repeats of mu flank the non-mu DNA (Toussaint and Faelen, 1973) In previous work it has been hypothesized that direct repeats of Tn3 are intermediates in transposition which are resolved by recombination through a site contained within the transposon (Gill et al., 1978) . The first part of the figure shows the formation of direct repeats, leaving the mechanism undefined. The second part shows their resolution by recombination. A molecular model of transposition which generates co-integrates based on the observation of these direct repeats in several systems has been proposed by Shapiro (1979) . these repeats correspond to intermediates in transposition and that the normal function of the IRS sites is to resolve these direct repeats by recombination (Gill et al., 1978) (the last step in Figure 7) . A molecular model for transposition has also been proposed in which direct repeats of the transposon are generated following insertion and DNA repair synthesis (Shapiro, 1979) . A sequence which displays striking homology with the inverted repeat lies in a region of Tn3 which, according to deletion mapping, contains the IRS (Figure 5 ). Should this sequence prove to be the internal resolution site it might suggest that resolution is dependent upon the transposase. These mutations, which lie within the repressor, lead to at least a 10 fold overproduction of the transposase (Gill et al., 1979) . Given the low level at which the transposase is normally produced (< 0.001% of the total protein), it appears that this enzyme is limiting in transposition since even slight derepression results in an increase in transposition frequency;
hence the increase of transposition observed for the tnpR mutants. Furthermore, the genetic data presented here suggest that the repressor regulates expression of the transposase transcriptionally. Transcription initiated at the beginning of the transposase gene reads through the entire 3000 bp of the transposase and can lead to expression of the gene for streptomycin resistance. The sequence data support this proposal since no transcriptional stop can be identified in the 33 bp extending from the translational stop at the end of the transposase gene to the end of the inverted repeat. An additional surprising result of the study performed by Gill et al. (1979) In fact, cells containing a mutant transposon which lacks the repressor are noticeably less viable than wild-type cells.
The insertion of Tn3 into the sulfonamide and streptomycin resistance operon is normally strongly polar on the distal gene for streptomycin resistance. A second class of insertions identified in this study, however, were not polar (Rubens et al., 1976) . These insertions occurred in the sulfonamide resistance gene in the opposite orientation.
In this orientation the fi-lactamase is transcribed in the same direction as streptomycin.
It might be assumed that expression of the streptomycin phosphotransferase in this orientation resulted from read-through transcription from the. /3-lactamase promoter, although a stem and loop structure characteristic of transcription termination is located just distal to the translational stop codon of the /?-lactamase gene. Calame et al. (1979) have identified a short transcript from this end of the transposon, the transcription of which originates beyond the stop codon and proceed in the same direction as the /3-lactamase transcription. Perhaps transcription reinitiates in the short region between the end of the /I-lactamase transcript and the end of the transposon and continues through to the streptomycin phosphotransferase gene in these nonpolar insertions of Tn3. The finding that in repressorless derivatives of Tn3 transcription from either end of the transposon can influence expression of adjacent genes suggests a new use for this transposon as a movable regulated promoter.
Indeed, insertions of Tn3 which generate transcriptional fusions could be directly selected in any gene in which a promoter-minus mutation is avail-
Experimental Procedures
Bacterial Strains and Plasmids E. coli C600 and SF600 have been described (Bolivar et al., 1977; Heffron et al., 1977) . The plasmid RSF1050 is a 5.0 X 10' dalton pMB6 derivative into which Tn3 has been transposed (Rodriguez et al., 1976; Heffron et al., 1977) . Eco RI octamer insertion mutants have been described (Heffron et al., 1976 
